The eukaryotic mRNA 3 poly(A) tail and the 5 cap cooperate to synergistically enhance translation. This interaction is mediated by the cap-binding protein eIF4E, the poly(A) binding protein (PABP), and eIF4G, a scaffolding protein that bridges between eIF4E and PABP to bring about the circularization of the mRNA. The translational repressor, Paip2 (PABP-interacting protein 2), inhibits translation by promoting the dissociation of PABP from poly(A). Here we report on the existence of an alternative mechanism by which Paip2 inhibits translation by competing with eIF4G for binding to PABP. We demonstrate that Paip2 can abrogate the translational activity of PABP, which is tethered to the 3 end of the mRNA. Thus, Paip2 can inhibit translation by a previously unrecognized mechanism, which is independent of its ability to disrupt PABP-poly(A) interaction.
T ranslational control is an important means by which cells govern gene expression. Initiation, the rate-limiting step of translation, is often the target of translational control (1) . This control involves in many circumstances the cap structure at the mRNA 5Ј end and the poly(A) tail at the mRNA 3Ј end. Although both mRNA terminal structures stimulate translation on their own, their combined translational enhancement is synergistic. Such a mechanism was demonstrated in yeast, plant, and mammalian systems (2, 3) and plays a key role during development of Xenopus, Drosophila, and mouse (4) . Translational synergy was also recapitulated in vitro (5) (6) (7) (8) (9) . Hence, the cap-poly(A) tail synergy represents a common paradigm for translational control.
The mechanism by which the mRNA 3Ј poly(A) tail synergizes with the 5Ј cap to stimulate translation was first documented in yeast, where PABP was shown to interact directly with the eIF4G subunit of the cap-binding complex eIF4F (see below) (10, 11) . In yeast, PABP is an essential protein because deletion of the PABP1 gene is lethal (12) . However, because deletion of the eIF4G binding site in PABP causes only a mild effect on yeast cell growth (13) , it is not clear that PABP-eIF4G interaction is the only mechanism by which PABP regulates translation and cell growth in yeast. In addition, Searfoss et al. (14) demonstrated that yeast Ski proteins inhibit the activity of eIF5 and eIF4B in 60S ribosomal subunit joining and that this inhibition is reversed by PABP. These results implicate an important role for PABP in 60S ribosomal subunit joining. In contrast to yeast, the expression of an eIF4G mutant that does not interact with PABP in Xenopus oocytes repressed translation of polyadenylated mRNAs and inhibited progesteroneinduced oocyte maturation (15) .
PABP contains four RNA-recognition motifs (RRMs) and a proline-rich C-terminal region, which is N-terminal to a highly evolutionarily conserved sequence termed PABC (see below) (16, 17) . eIF4F is composed of the cap-binding subunit eIF4E, an RNA-dependent ATPase͞ATP-dependent RNA helicase, eIF4A, and eIF4G (reviewed in ref. 18 ). The latter serves as a scaffolding for binding of PABP (19) , eIF4E (20) , eIF4A (21) , and eIF3 (21), a 40S ribosome-associated initiation factor (22) . Importantly, the N-terminal region of eIF4G harbors the binding site for PABP (10, 19) , which brings about the circularization of the mRNA (23) . The closed-loop model for mRNA circularization provides a structural basis for the synergistic enhancement of translation by the cap structure and the poly(A) tail (3, 24, 25) . Depletion of PABP from mouse ascites cell-free translation extracts resulted in a dramatic reduction in translation initiation and 80S initiation complex formation, which could be rescued by the addition of recombinant PABP (26) . These findings, therefore, ascribe a key role for PABP as a bona fide translation initiation factor and stress the importance of circularization for translation initiation.
Several mechanisms were proposed to explain how mRNA circularization enhances translation initiation. First, circularization is expected to increase the concentration of terminating ribosomes in the vicinity of the mRNA 5Ј cap structure and thereby facilitate ribosome recycling. This notion is bolstered by the finding that PABP also interacts with the termination factor eRF3 (27) . Thus, bridging of eIF4G and PABP by eRF3 engenders the looping out of the 3Ј UTR and facilitates the shunting of the ribosomes to the 5Ј end of mRNA. Second, the interaction between PABP and eIF4G may allosterically increase the affinity of eIF4E for the cap structure (26) .
Several fragments of PABP stimulate translation in Xenopus oocytes independent of their ability to bind poly(A), as shown by tethering the fragments to the mRNA 3Ј UTR. A fragment containing PABP RRMs 1-2 strongly stimulates translation (11) , most probably through its interaction with eIF4G. poly(A)-stimulated translation is controlled by two PABP-interacting proteins (Paips), Paip1 and Paip2 (28, 29) . Paip1 is an Ϸ70-kDa protein that stimulates translation in vivo (28) . In contrast, Paip2, a much smaller protein (Ϸ14 kDa), inhibits translation by (i) competing with Paip1 for binding to PABP and (ii) promoting the dissociation of the PABP-poly(A) complex, which in turn results in the destabilization of the mRNA closed loop (29) . Furthermore, Paip2's ability to impede 80S initiation complex formation demonstrates that Paip2 represses translation at the initiation level (29) . Two distinct sequences in PABP, RRMs 2 and 3 and PABC, interact with two sites in Paip2 termed PABP-interacting motifs (PAMs). PAM1 spans amino acids 22-75 and binds RRMs 2 and 3 of PABP, whereas PAM2 spans amino acids 106-120 and binds to PABC (30) .
The observation that eIF4G and the PAM1 motif of Paip2 interact with a shared sequence of PABP (RRM2) (see Fig. 1 ) prompted us to consider the possibility that eIF4G and Paip2 may compete for binding to PABP. In the present study we examined this idea. MS2 coat protein-PABP fusion protein (MS2-PABP), when tethered to the MS2 coat protein binding site in a reporter mRNA, stimulated translation in cis, but not in trans (11) . Here we used this assay in a PABP-depleted Krebs-2 ascites cell extract to demonstrate that Paip2 and eIF4G compete for binding to PABP and that Paip2 inhibits translation through competition with eIF4G. Thus, our results demonstrate a mode of Paip2 action that disrupts the PABP-eIF4G interaction and thereby inhibits translation.
Results

Paip2
Competes with eIF4G for Binding to PABP in Vitro. To determine whether Paip2 can compete with eIF4G for binding to PABP, we performed coimmunoprecipitation and pull-down assays using cytoplasmic extracts from Krebs-2 ascites cells. In agreement with our previous report (19) , eIF4GI, which accounts for the majority of total eIF4G (there are two eIF4G forms, eIF4GI and eIF4GII) (31, 32) , coimmunoprecipitated with PABP with an anti-PABP antibody, but not when a preimmune serum was used (Fig. 2, compare lanes 2 and 4) . Strikingly, however, when extracts were preincubated with Paip2 (lane 3), coimmunoprecipitation of eIF4GI with PABP was reduced. In addition, eIF4GI failed to copurify with PABP that was pulled down with GST-Paip2-coupled beads (lane 5). These results indicate that eIF4GI and Paip2 binding to PABP is (33) . Bound proteins were eluted in Laemmli sample buffer, resolved by SDS͞7.5% PAGE, and subjected to Western blotting using anti-eIF4GI and anti-PABP antibodies. One-fiftieth of the extract used for immunoprecipitation or pull-down assay was loaded in lane 1. . The mixtures were then incubated at 0°C for 30 min with recombinant GST-fused eIF4GI-Nt immobilized onto glutathione-Sepharose beads. After incubation, the resin was washed, and bound proteins were eluted with Laemmli buffer. After resolving on an SDS͞10% polyacrylamide gel, proteins were analyzed by Western blotting using antibodies against eIF4GI or PABP, as indicated. The signals in different lanes were quantified by using NIH IMAGE software (version 1.63). The value obtained in the absence of added competitor (lane 1) was set as 100%. Values representing the average from three independent experiments and standard deviations from the mean are shown.
mutually exclusive. Interestingly, several closely migrating polypeptide species crossreacted with the eIF4GI antibody (lane 1), whereas only eIF4GI corresponding to the upper band coimmunoprecipitated with PABP. Thus, the use of some of the eIF4GI isoforms to initiate translation may be independent of PABP (see Discussion).
To corroborate the findings of competition between Paip2 and eIF4GI for PABP binding, a GST-eIF4GI (41-244) fragment, which binds PABP, was preadsorbed to glutathione-Sepharose beads and incubated with recombinant PABP in the absence or presence of increasing concentrations of recombinant full-length Paip2 or fragments thereof. The proteins were eluted with Laemmli sample buffer and analyzed by SDS͞PAGE and Western blotting using anti-PABP and anti-eIF4GI antisera (Fig. 3 ). PABP copurified with full-length eIF4GI (lane 1). A gradual decrease in the amounts of PABP that copurified with eIF4GI was observed when increasing amounts of full-length Paip2 were used (22% of control at the highest concentration of Paip2; Fig.  3 , compare lanes 1 and 5). The explanation for this residual activity is not immediately clear. Paip2 (⌬31-56), which can bind only to the C terminus, but not to the RRM region of PABP, failed to affect the amount of PABP that coprecipitated with eIF4GI (lanes 6-8). In contrast, incubation with increasing amounts of Paip2 (1-111), which can bind only to the RRM region, but not to PABC, progressively inhibited PABP binding to eIF4GI, similar to the effect obtained with full-length Paip2 (lanes 9-11). As expected, a peptide of Paip2 (PAM2 peptide), which can bind only to PABC, failed to affect the amount of PABP that coprecipitated with eIF4GI (lanes [12] [13] [14] . These data suggest that Paip2 competes with eIF4GI for binding to PABP in vitro. Furthermore, the sequence responsible for this competition is the RRM-binding motif, PAM1, which is located in the middle region of Paip2 and represses translation (30) . PAM2, which interacts with PABC, exerts no effect on the eIF4GI-PABP interaction and on translation (28) .
To obtain quantitative data for the eIF4GI-Paip2 competition, we first studied the thermodynamics of the eIF4GI-PABP interaction by using a surface plasmon resonance (SPR)-based biosensor, the Biacore. A recombinant GST-eIF4GI (41-244) fragment was coupled to sensor chip surfaces, and various concentrations of recombinant PABP RRMs 1-4 were randomly injected in duplicates over these surfaces. The resulting sensorgrams were globally analyzed by using a 1:1 stoichiometry model (Fig. 4A) . The apparent kinetic and thermodynamic constants for the eIF4GI-PABP interaction are listed in Table 1 . The constants for the Paip2-PABP RRM interactions (30) have been included for comparison. The eIF4GI-RRMs 1-4 interaction has an apparent on rate of 3.15 Ϯ 0.7 ϫ 10 5 M Ϫ1 s Ϫ1 (Table 1) , which is significantly lower than those corresponding to the Paip2-RRMs 1-4 or Paip2-RRMs 2 and 3 interactions (Table 1; 19 Ϯ 0.4 and 27 Ϯ 2 ϫ 10 5 M Ϫ1 s Ϫ1 ). The apparent ''off rate'' of the eIF4GI-PABP complex is 10 times higher than the apparent off rate corresponding to the Paip2-RRMs 1-4 complex ( Table  1 ; 62 Ϯ 6 ϫ 10 Ϫ4 and 6 Ϯ 0.03 ϫ 10 Ϫ4 s Ϫ1 , respectively), indicating that the eIF4GI-RRMs complex is significantly less stable than the Paip2-RRMs complex. These differences in association and dissociation rates result in a 60-fold weaker apparent affinity for the eIF4GI-RRMs 1-4 interaction versus the Paip2-RRMs 1-4 interaction (20 nM versus 0.31 nM, respectively). The significance of this difference is addressed in Discussion.
Next, an SPR in-solution competition experiment was carried out by injecting recombinant RRMs 1-4 (25 nM) preincubated with increasing amounts of recombinant full-length Paip2 or Paip2 fragments, Paip2 (1-111) or Paip2 (⌬31-56), over an eIF4GI surface. Increasing concentrations of both Paip2 and Paip2 (1-111) preincubated with RRMs 1-4 resulted in a decrease of net binding to surface-captured GST-eIF4GI-Nt, with an EC 50 of Ϸ15 nM for Paip2 and Paip2 (1-111) (Fig. 4 B  and C) . These values are in agreement with the affinity of Paip2 for RRMs 1-4 that was determined to be in the low nanomolar range (Table 1 ) (30) . In contrast, preincubation of RRMs 1-4 with Paip2 (⌬31-56) had no effect on the net binding to GST-eIF4GI-Nt even at Paip2 (⌬31-56) concentrations as high as 50 nM (data not shown and Fig. 4C ).
Paip2 Inhibits Translation by Disrupting the PABP͞eIF4G Interaction.
Paip2 was reported to inhibit translation by selective disruption of PABP-poly(A) interaction (29) . To determine whether the Paip2 can also inhibit translation in a poly(A)-independent manner, we used a capped firefly luciferase mRNA that lacks a poly(A) tail but instead contained several MS2 coat protein binding sites at its 3Ј end (Fig. 5A) . In vitro translation experiments were carried out by using PABP-depleted Krebs-2 cell extracts (33) that were supplemented with increasing amounts of recombinant MS2-coat protein fused to PABP (MS2-PABP). As expected, translation was progressively stimulated with the addition of up to 82 ng (1 pmol) of MS2-PABP (Fig. 5B) . The PABP portion of the fusion protein was responsible for the stimulatory effect of MS2-PABP on translation, because MS2 alone or MS2-U1A, a splicing RNA binding protein fused to MS2, did not stimulate translation ( Fig. 5B ) (11) . In agreement with the data of Gray et al. (11) , PABP lacking MS2 coat protein was inefficient in stimulating translation (data not shown). Importantly, a point mutant, MS2-PABP M161A, which is unable to bind to eIF4GI, failed to stimulate translation (Fig. 5B) , consistent with earlier data showing that PABP-eIF4GI interaction is necessary for translational enhancement (26) . To determine whether Paip2 negates the PABP-induced translational stimulation, extracts were supplemented with MS2-PABP (1 pmol) and increasing amounts of Paip2. Translation was progressively inhibited by increasing amounts of Paip2 (Fig. 5C ). This effect was specific, as Paip2 (⌬31-56), which cannot bind to RRMs 1-2 of PABP (30), failed to inhibit translation. Paip2 (1-111), which binds only to the RRM region of PABP, inhibited translation (Fig. 5C) . These findings clearly demonstrate that PABP stimulation of in vitro translation is inhibited by Paip2, which acts by specific disruption of PABP-eIF4G interaction.
Discussion
The importance of the eIF4G-PABP interaction for efficient translation initiation has been established in many systems (34) , although in yeast it might not have a critical role (3). Here we demonstrate that this interaction is a direct target for translational inhibition by Paip2, an inhibitor of translation initiation (29) . We show that Paip2 competes with eIF4GI for binding to PABP. Our observation that the eIF4G-RRMs 1-4 interaction is not as strong as the Paip2-PABP and Paip1-PABP interactions (Table 1 ) (35) is consistent with our inability to detect PABP in association with the eIF4F complex by Western blotting, whereas eIF4E, eIF4G, and eIF4A were readily detected (H. Imataka and N.S., unpublished data). We estimated by quantitative Western immunoblotting that the content of PABP in the HeLa and Krebs-2 cell S10 fraction is Ϸ0.2% (or 29 fmol͞g of total protein) (data not shown and ref. 29) . The molar concentration of Paip2 is 5-to 7-fold lower than that of PABP (29) . The content of eIF4GI is 0.08% or 4.5 fmol͞g total HeLa cytoplasmic protein based on our previous measurements (30) , which is Ϸ6-fold less than that of PABP. It could therefore be argued that PABP is not limiting for translation and that Paip2 and eIF4GI interact with PABP in a noncompetitive manner. However, because a significant fraction of PABP is likely to be sequestered in complexes with other proteins (36), the size of the PABP pool that is accessible to Paip2 and eIF4Gs is smaller than total PABP. Therefore, competition between Paip2 and eIF4GI for PABP binding may occur under physiological conditions. One important aspect of translation initiation that might not be accommodated by the closed-loop model is the ability of PABP to stimulate the translation of nonpolyadenylated mRNAs. This regulation was first reported for a yeast system in vitro (37) . Sachs and colleagues (37) defined this phenomenon as transactivation, suspecting that it is mediated by PABP that is not directly bound to mRNA. Supporting the possibility of PABP acting in trans, PABP mutants with reduced RNA binding activity stimulated translation (37) . Given that an A stretch is required for the interaction between eIF4G and PABP in yeast (10) , it was suggested that a factor(s) other than eIF4G is targeted by PABP within the translation initiation complex (37) . However, the PABP binding sites in yeast and mammalian eIF4G markedly differ, and the presence of poly(A) is not necessary for the human eIF4G-PABP interaction. Association of human eIF4GI and PABP was detected without addition of poly(A), and treatment of proteins with micrococcal nuclease did not decrease the interaction (19) . We showed previously that, in a Krebs-2 cell extract, either PABP depletion or PABP inactivation by Paip2 inhibited the translation of poly(A) mRNA (29, 33, 38) . Consistent with these observations, our current results demonstrate that PABP can mediate in cis translational stimulation of mRNAs that are devoid of a poly(A) tail. This stimulation can be abrogated by specific inhibition of the PABP-eIF4GI interaction and further supports the conclusion that translational stimulation by PABP requires its interaction with eIF4GI. It is therefore conceivable that, in mammalian systems, the PABP-eIF4GI complex, whose formation is prevented by Paip2, mediates transactivation of translation by PABP. It would be of interest to determine whether this mechanism preferentially affects naturally mRNAs, which recruit PABP through DAZL proteins (39), or mRNAs whose poly(A) tail become shortened as they age.
Generation of multiple eIF4GI isoforms (a, b, c, d, and e) because of alternative translation initiation at different in-frame AUGs was demonstrated in HeLa cells (40) . Interestingly, the smallest eIF4GI isoform (e) lacks the PABP binding domain and failed to interact with PABP. Data for Krebs-2 cells also reveal several eIF4GI forms and argue for nonequivalent regulation of individual isoforms of eIF4GI by PABP (Fig. 2) . However, we detected only the largest eIF4GI isoform in the eIF4GI-PABP coimmunoprecipitate, indicating that a larger fraction of eIF4GI molecules could be refractory to PABP-mediated regulation than was previously thought (40) .
Materials and Methods
Plasmids. The constructs for expression of Paip2 and its fragments in pGEX-6P2 vector were reported previously (29, 30) . The pGEX-eIF4GI construct (originally 1-204, but renamed 41-244, according to ref. 40 ) was described earlier (19) . The construct pET3b-PABP-His was described earlier (29) . By using the latter plasmid as a template, the RRMs 1-4 fragment of PABP was PCR-amplified with the forward primer 5Ј-CGGGATCCATGA ACCCCAGTGCCC and the reverse primer 5Ј-GCCGCTCGAGTTTGCGCTGAGCTAAAGC. The resulting fragment was digested with BamHI͞XhoI and ligated in-frame into BamHI͞XhoI-cleaved vector of pGEX-6P2 (Amersham Pharmacia Biotech). The point mutation M161A in the PABP coding region was generated by using the plasmid pET3b-PABP-His as a template that was annealed with the primers 5Ј-A͞ATG͞AAT͞GGA͞UUGCG͞UUCTC͞CTA͞ A AT͞GAT͞CGC and 5Ј-GCG͞ATC͞AT T͞TAG͞GAG͞ UUCGC͞UUTCC͞ATT͞CAT͞T by using the QuikChange Site-Directed Mutagenesis kit (Stratagene). The point mutations are underlined, and codons are separated by slashes. The pET-MS2, pET-MS2-U1A construct and the firefly luciferase containing three MS2 binding sites reporter were generous gifts from Marvin Wickens (University of Wisconsin, Madison). Human PABP from pET3b-PABP-His was subcloned as a BamHI and NheI fragment into the pET-MS2 vector to construct pET-MS2-PABP-His plasmid that expresses an MS2-fused version of human PABP-His upon isopropyl ␤-Dthiogalactopyranoside induction. Likewise, the point mutant MS2-PABP-His M161A was generated in the pET vector.
Production and Purification of Recombinant Proteins. Production and purification of C-terminal His 6 -tagged PABP by using BD Talon metal affinity resin (BD Biosciences) were previously described (29) . The same procedure was used to prepare MS2, MS2-U1A, and PABP WT and mutant (M161A) proteins that were fused to the MS2 coat protein at their N terminus. The expression and purification of GST-tagged proteins, Paip2, and its mutants and the subsequent cleavage of the GST tag from the protein with PreScission protease were carried out according to the manufacturer's protocol (Amersham Pharmacia Biotech). All of the purified proteins were dialyzed in reaction buffers indicated in the figure legends. Paip2 (112-127) fragment that consists of the PAM2 peptide was synthesized by the Sheldon Biotechnology Center at McGill University.
GST Pull-Down Assay and Western Blotting. Five micrograms of purified GST-eIF4G-Nt fragment or a mutant that is unable to bind to PABP (amino acids 134 KRERK 138 in the PABP-binding site were converted to alanines) (19) were incubated end-overend with a 50% slurry of glutathione 4B-Sepharose (20 l; Amersham Pharmacia Biotech) for 30 min at 4°C with 300 l of buffer A (20 mM Tris⅐HCl, pH 7.5͞100 mM KCl͞2.5 mM MgCl 2 ͞0.1 mM EDTA͞10% glycerol͞0.1% Triton X-100). Next, 1 g of His-tagged PABP was mixed with Paip2 WT or its mutants, Paip2 (⌬31-56) or Paip2 (1-111), or the PAM2 peptide (112-127 of Paip2) at molar ratios ranging from 1:1 to 1:8 in 300 l of buffer A, and the mixture was incubated at 4°C for 30 min. The resin was washed three times with 500 l of buffer A to remove unbound protein before the PABP-Paip2 protein complexes were added to the resin. After a further incubation of 30 min at 4°C, the resin was washed as before, and the proteins were eluted with 50 l of Laemmli sample buffer, boiled for 5 min, centrifuged at top speed to collect the supernatant, resolved by SDS͞PAGE, and transferred to a nitrocellulose membrane (pore size 0.2 m; Protran Bioscience). Western blotting analysis using eIF4GI and PABP antibodies was performed as previously described (19) .
PABP Depletion from Krebs-2 Cell Extract. PABP was depleted from nuclease-treated Krebs-2 cell extract by affinity chromatography using recombinant GST-Paip2 immobilized on glutathioneSepharose beads as described previously (33) .
In Vitro Transcription and Translation Assay. The MS2 plasmid was linearized with BglII and used as a template in an in vitro transcription reaction catalyzed by T7 RNA polymerase to synthesize the capped luciferase RNA without a poly(A) tail. A 10-l translation reaction that contained 1 l of the recombinant proteins was added to 7 l of PABP-depleted Krebs-2 cell extract and 1 l of water and was briefly incubated on ice for 5 min. Recombinant proteins were resuspended in translation buffer (25 mM Hepes-KOH, pH 7.3͞50 mM KCl͞1.5 mM MgCl 2 ͞1 mM DTT). Firefly luciferase mRNA containing MS2 coat protein binding sites was then added, and the mixture was incubated for 10 min on ice before being transferred to a 30°C water bath for a 1-h incubation. The tubes were chilled on ice, and luciferase activity was measured in duplicates by using Promega's luciferase assay system and the Lumat LB 9507 bioluminometer (Berthold Technologies).
